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Effect of prostaglandins on renal epithelial electrolyte
transport
JUHA P. KOKKO
Department of Internal Medicine, University of Texas Health Science Center at Dallas, Dallas, Texas
It is well appreciated that changes in renal prosta-
glandin (PG) levels may affect the excretion of salt
and water. In fact, a general consensus exists that
PG's are natriuretic during conditions where ani-
mals have access acutely or chronically to salt, but
their role in water diuresis is less clear [1, 2]. Our
own clearance studies in conscious dogs [3] and
anesthetized rats [411 show that meclofenamate
blunts the volume-expansion-mediated chioruresis
without changes in GFR or renal blood flow. Thus,
these studies are consistent with the findings of
others who have supported a natriuretic role for
renal PG's [5—14]. A more controversial issue,
however, has been whether the PG's affect salt and
water transport by direct epithelial effects or wheth-
er PG's mediate their effects by some secondary
phenomena such as changes in hemodynamics or
changes in biochemical messengers. In vivo micro-
puncture and in vitro microperfusion techniques
offer some unique advantages over clearance tech-
niques to assess whether the effects of a compound
are direct or indirect. The purpose of this paper is to
examine the effects of PG's on various nephron
segments with specific emphasis on segments of the
distal tubule (thick ascending limb, distal convolut-
ed tubule, and collecting duct segments) using in
vivo and in vitro micropuncture and microperfusion
techniques.
In vivo micropuncture studies
In vivo micropuncture studies have examined the
effect of PG's on sodium transport across various
nephron segments in both the anesthetized rat and
dog. Two different approaches have been used:
either intravascular or intratubular infusion of exog-
enous PG's; or inhibition of endogenous PG's. With
few exceptions, the published studies are remark-
ably consistent with their conclusions. The effects
will be summarized segmentally with specific em-
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phasis being given to the effects of prostaglandin E2
(PGE2), which is the renal prostaglandin occurring
in greatest quantity.
Proximal tubule. FUlgraff and Meiforth [10] were
the first to examine the effect of i.v. (100 mg/mm per
100 g of body wt) or intratubular (100 mg/ml) PGE2
on net fluid absorption of nonvolume-expanded
Sprague-Dawley rats. All free-flow punctures were
from the end of the proximal convolution, as identi-
fled by lissamine green injections. The effect of
intratubular PGE, was measured by split-drop half
times when saline containing PGE2 was injected
into the tubule. In neither experimental protocol
was there any change in whole kidney or superficial
single nephron GFR, but there was a marked in-
crease in urinary sodium excretion rate. No change
in the tubular fluid-to-plasma inulin (TF/P1) con-
centrations or in split-drop half times was noted.
Thus, they were able to conclude that exogenous
PGE2 does not affect proximal tubule salt and water
reabsorption.
Similar conclusions have been published by
Strandhoy et al [81 in mongrel dogs. They conduct-
ed their micropuncture measurements before and
after infusion of PGE2 (0.15 pig/kg/min) directly into
the renal artery. They also were unable to measure
a change in single nephron GFR, or in absolute or
fractional sodium reabsorption. Thus, the two mi-
cropuncture studies with exogenous PGE2 gave
similar results. Exogenous PGA2 [11] or PGE1 [8]
have shown, however, proximal inhibition of fluid
reabsorption, but it is doubtful that these were
direct epithelial effects.
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The effects of endogenous inhibition of PG syn-
thesis on the proximal tubule have also been exam-
ined. When indomethacin (1.5 mg/kg of body wt as
a bolus) was infused Lv. into hydropenic and 1%
body-wt volume-expanded rats, Leyssac et al [12]
did not see changes in fractional or absolute proxi-
mal tubule reabsorptive rates as estimated from
measurements of proximal occlusion and transit
times. They did note a simultaneous whole kidney
reduction in urine flow and solute excretion. Simi-
larly, Higashihara et al [4] did not see changes in
proximal fractional chloride reabsorption in acutely
volume-expanded (10% body wt) Munich-Wistar
rats given i.v. meclofenamate or indomethacin in
amounts sufficient to decrease urinary excretion
and concentration of PGE2 and PGF2. Thus, it
appears that neither exogenous PGE2 or endoge-
nous inhibition of PGE2 affects proximal reabsorp-
tion of salt and water.
Superficial ioop of Henle. Only two studies have
examined the effect of PG's on electrolyte transport
in the superficial loop of Henle. These values have
been obtained by comparing measurements from
late proximal tubule to early distal tubule and
include later portions of the proximal convoluted
tubule, pars recta, descending limb of Henle, and
thick ascending limb of Henle. Fulgraff and Mei-
forth [10] did not demonstrate any significant differ-
ence between the fraction of filtered sodium remain-
ing at the early distal tubule of nonvolume-expand-
ed Sprague-Dawley rats before and after i.v.
infusion with PGE,. On the other hand, Higashir-
hara et al [41 found a significant increase in chloride
reabsorption after endogenous PG's were inhibited
with either meclofenamate or indomethacin in vol-
ume-expanded Munich-Wistar rats. It was argued in
these studies that the most likely site of increased
chloride reabsorption was the thick ascending limb
of Henle [4]. The findings of these two studies are
not necessarily inconsistent because the former
examined the effects of exogenous whereas the
latter examined the effects of endogenous PG's on
salt transport.
Superficial distal tubule. Superficial distal tubule
includes epithelial cells between the earliest and
latest accessible portions of the distal tubule to
micropuncture: the distal convoluted tubule itself,
the connecting segment, and the variable portions
of the cortical collecting tubule. In contrast to the
similarity of micropuncture studies in reference to
the proximal tubule, the two micropuncture studies
that have examined salt transport across the super-
ficial distal tubule found opposite results. Fulgraff
and Meiforth [10] found that during exogenous i.v.
PGE2 infusion sodium reabsorption was significant-
ly less than it was during control conditions in
nonvolume-expanded Sprague-Dawley rats. But,
Higashihara et al [4] found a decrease in the fraction
of chloride reabsorption along the length of the
distal tubule during 10% body-wt acute volume
expansion with PG synthesis inhibitors (meclofena-
mate and indomethacin). Whether these divergent
results represent the differences in response during
exogenous vs. endogenous prostaglandin perturba-
tions or whether the volume status of the animal
might modify the results is not known at the present
time.
Papillary collecting duct. Both direct and indirect
micropuncture studies of collecting duct function
have suggested that PG's inhibit salt transport
across the collecting duct system. In studies by
Higashihara et al [4], when the terminal accessible
collecting duct of Munich-Wistar rat was punctured
at base and tip (punctures 1 mm apart), it was noted
that during hydropenia and volume expansion the
fraction of chloride delivered to the base collecting
duct was less with PG synthesis inhibitors than it
was without PG inhibitors. But, neither meclofena-
mate nor indomethacin decreased chloride reab-
sorption further [4]. Consistent with these conclu-
sions are the studies of FUlgraff and Meiforth [10]
where they found significantly greater urinary ex-
cretion of sodium after i.v. PGE2 than could be
accounted for by distal tubule punctures. Also
supportive of these conclusions are those of Kauker
[13], where it was shown that PGE2 inhibits the net
efflux of micro-injected sodium 22 from the distal
tubule of rat. Thus, the micropuncture studies sup-
port the view that urinary sodium excretion can, in
part, be regulated by PG effects on the more proxi-
mal portions of the collecting tubule.
In vitro microperfusion studies
To date, four different laboratories have pub-
lished results on the effect of PG on electrolyte
transport across various segments of the distal
tubule [14—171. There are no in vitro studies cur-
rently available regarding the effect of PG's on salt
transport across the proximal convoluted or straight
tubule, thin descending limb of Henle, thin ascend-
ing limb of Henle, or the distal convoluted tubule.
All in vitro studies have been conducted in the
rabbit, where it has been shown by clearance stud-
ies that renal artery infusion of PGE2 caused a
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significant increase in absolute and fractional in-
crease in urinary sodium excretion without affect-
ing the GFR or the clearance of PAH [14]. Thus, the
rabbit appears to respond to POE2 in a manner
similar to the rat and dog.
Thick ascending limb. In the initial studies, Fine
and Trizna [14] were unable to find an effect of high
(2.5 x i0" M) or low (10b0 and i0 M) dose
PGE2 on transtubular potential difference (PD) or
net sodium flux across isolated medullary thick
ascending limbs of Henle. The tubules were per-
fused with isosmolal ultrafiltrate of the same rabbit
serum as that used in the bath. They also found no
effect of indomethacin, meclofenamate, or RO 25-
5720 on transepithelial PD or sodium flux. Stokes
[15] has more recently designed a similar series of
experiments, except he extended the previous stud-
ies by examining whether POE2 could not only
affect chloride transport across the medullary but
also the cortical thick ascending limb of Henle. In
these studies, the perfusate and bath in each case
was identical in electrolyte concentration to obviate
the need of liquid junction potential correction.
Three types of solutions were used: (1) artificial
isotonic solution similar to ultrafiltrate; (2) hyper-
tonic solution to simulate the outer medullary inter-
stitial fluid; and (3) rabbit serum. In regard to the
cortical thick ascending limb of Henle, neither
intraluminal or bathing fluid addition of 2 X 10 6 M
PGE2 had any significant effect on the transtubular
chloride fluxes or PD [15]. These negative findings
are similar to ones that Fine and Trizna [14] ob-
tained for the medullary thick ascending limb. The
conclusions that Stokes [15] reached from the med-
ullary thick ascending limb of Henle studies, how-
ever, clearly do not agree with the earlier conclu-
sions of Fine and Trizna. Although Stokes [15] did
not see an effect of POE2 when tubules were bathed
in rabbit serum, in agreement with the findings of
Fine and Trizna [14], he did see, however, a consis-
tent decrease in PD and efflux of chloride when the
medullary thick ascending limbs were bathed in
both the isosmotic and hypertonic artificial solu-
tions. The decrease in these transport parameters
was evident whether POE2 was added to the lumi-
nal or blood surface. Furthermore, an extensive
series of dose-response studies revealed that there
was a progressively steeper effect on PD with POE2
as POE2 concentration was raised from iO to
10 M (Fig. 1). There was no effect of POE2 on the
PD of the medullary thick limb at iO M. There-
fore, these studies show that when appropriate
Control PGE2 Recovery Control PGE2 Recovery
Fig. 1. Effect of varying doses of PGE2 on transepithelial PD of
medul/ary thick ascending limb. (Reprinted with permission off
Clin Invest [151).
experimental conditions are used inhibition of chlo-
ride transport across the medullary, but not the
cortical, thick ascending limb of Henle, can be
demonstrated. Why neither Fine and Trizna [15]
nor Stokes [15] could demonstrate an effect using
rabbit serum as the bath is conjectural. Perhaps
some unidentified factor exists in the serum that
inhibits the effect of P0's in vitro.
Collecting duct. It is well appreciated that the
collecting duct participates in the final regulation of
salt and water excretion. In view of this, and in
view of the fact that the renal medulla is a source of
PG's, a number of laboratories have examined the
effect of P0's on net transport of salt out of the
collecting duct [14, 16—18]. The collecting duct
lends itself well to these types of studies because
the electrolyte transport characteristics of the col-
lecting duct remain quite stable for prolonged peri-
ods of time during in vitro microperfusion tech-
niques.
Since it has been demonstrated that the magni-
tude of the lumen-negative PD and the rate of
sodium efilux out of the cortical collecting duct is
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dependent on the mineralocorticoid status of the
rabbit from which it is dissected [19—22], the major-
ity of studies that have examined PG's potential
effect on salt transport have been done on tubules
dissected from rabbits treated with deoxycortico-
sterone for a variable number of days prior to the
experiment. The studies of Stokes and Kokko [17],
Fine and Trizna [14], and lino and Imai [16] have
used similar protocols. In each case, the bath and
perfusate were artificial solutions simulating ultra-
filtrate. The PG's have been added to both the
perfusate and bath at varying concentrations. Fig-
ure 2 is a typical time course of PD when 2.5 x 10
M PGE2 was added to the bath by lino and Imai
[16]. These findings are identical to the ones that
Stokes and Kokko [17] found and demonstrate that
the peritubular addition of PGE2 causes a rapid
decrease in PD, becoming maximally inhibited and
stabilizing after 15 mm. These results are reversible
as the PD returns toward normal after the bath has
been changed to be free of PG's. Similar results
have been demonstrated for both the cortical and
medullary collecting duct segments [16, 17]. Figure
3 is a dose-response curve of varying concentra-
tions of PGE2 on transepithelial PD across cortical
collecting ducts from the work of Stokes and Kokko
[17]. It demonstrates that PGE2 does influence PD
under the physiologic dose range in view of Larsson
and Anggârd's [231 estimate that renal cortical
concentration of PGE2 is about 1 x 106 M. In
contrast to the findings in the medullary thick
ascending limb of Henle, there is no effect of PGE2
when added to the luminal side [16, 17].
Similar to the studies on the PD, PG's have also
been shown to inhibit sodium flux across the corti-
1.0 - /I
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Fig. 3. Dose response of transepithelial i'D (Vi) on vertical axis
against PGE2 on horizontal axis of cortical collecting tubule.
(Figure based on data from Ref. 17)
cal and medullary collecting duct. These findings
have been obtained isotopically [17], using ultrami-
cro flame photometry [16] and using electron probe
microanalysis of the collected fluid [18]. Figure 4
summarizes the effects of peritubular addition of
10_6 M PGE2 on transepithelial fluxes of sodium
across cortical collecting tubules [17]. These flux
measurements were made after the PD had become
stable at its new inhibited level. They clearly dem-
onstrate that the efflux is inhibited and that there is
no effect on influx of sodium. Thus, the net flux was
decreased [17]. Similar conclusions have been
reached by Iino and Imai [16] using ultramicro
flame photometry. They saw a significant decrease
in net sodium absorption and potassium secretion
after adding PGE2 to the bath. In similar studies,
PGA2 had no effect on sodium transport, but PGE2c.
and PGE1 also reversibly decreased the PD. Why
Fine and Trizna [14] in the single divergent study
found negative results using similar protocols is not
clear.
More recently, Holt and Lechene [18] have ex-
amined the effect of endogenous PG inhibition on
sodium transport in an interesting setting. They
measured net sodium transport by electron-probe
microanalysis. They specifically designed their ex-
periment to examine the interrelationships between
PGE2 (bath) 2.5 x i0— M
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Fig. 2. Time-course response of cortical collecting tubule poten-
tial dUference to PGE2. (Reprinted with permission of Pfluegers
Arch [16]).
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Fig. 4. Effect of prostaglandin E2 (1U 54) on unidirectional
fluxes of sodium 22 expressed in pEqcm'sec'. (Figure based
on data from Ref. 17)
antidiuretic hormone (ADH) and meclofenamate on
net sodium transport. In their initial studies, they
saw a significant decrease in PD and sodium flux
after the peritubular addition of ADH. If at this
point meclofenamate was added to the bath in the
presence of ADH, the previously depressed PD and
sodium flux increased toward control values. Thus,
the bulk of the in vitro data supports the concept
that PG's directly inhibit the net sodium flux out of
the isolated perfused collecting duct segments.
Mechanism of prostaglandin-mediated natriuresis
Part of the natriuresis observed with increased
PG's may be due to vasodilatation. But, the mecha-
nism by which the sodium transport is inhibited at
the epithelial level is not clear. Stokes and Kokko
[17] were unable to find any effect of PG's on the
backflux of sodium. Thus, it appears that the unidi-
rectional efflux of sodium is somehow inhibited.
This could be the result of inhibition of Na-K-
ATPase (such as occurs with ouabain) at the peritu-
bular membrane or due to inhibition of luminal
membrane entry of sodium (such as occurs with
amiloride) (Fig. 5). If the Na-K-ATPase were inhib-
ited by PG's, then after indomethacin the Na-K-
ATPase should be increased whereas the intracellu-
lar to extracellular transport of sodium should like-
wise be increased. DUsing, Opitz, and Kramer [241
were not able, however, to demonstrate changes in
Na-K-ATPase activities in cortical, medullary, or
papillary tissues of rats receiving indomethacin. It
must be realized, however, that high concentrations
of ATPase exist in homogenates of renal tissue, and
it is possible that a significant drop in ATPase
activity in a target nephron segment can be missed
if the target nephron comprises a small fraction of
the total ATPase in the homogenate of renal cortex,
outer medulla, or papilla. Also, Dunn and Howe
[25] have been unable to demonstrate an effect of
PG on fluxes of sodium out of intracellular to
extracellular compartment. Although these findings
are interesting, they were obtained from renal-slice
experiments where individual tubule segments are
collapsed. But, if one accepts these data, then the
existing data is most consistent with an effect on the
luminal entry step of sodium. Unfortunately, such
studies are not available, but whatever the mecha-
nism is, it does not appear to depend on the luminal
concentration of chloride because in the absence of
luminal chloride the peritubular PG's still decrease
the transepithelial PD in a reversible manner [16]. It
is interesting that ADH affects water transport only
when added to the blood side, but ADH increases
water transport by increasing the water permeabili-
ty of the luminal membrane. Whether PG's diffuse
into the cell or exert their effect through a specific
receptor has been a question of great interest. If
PG's gained access into the cell by first dissolving
through a lipid membrane, then one might expect an
effect of PG's from both the luminal and blood side
in a manner similar to aldosterone. PG 's, however,
exert their effect on salt transport only from the
blood side [16, 17]. Because it has been recently
demonstrated that membrane preparations derived
from homogenates of the rat kidney possess a high
affinity receptor for PGE, it is therefore tempting to
place such a receptor on the blood side (Fig. 5),
especially since there was good correlation between
PGE binding and ATPase activity [261. Therefore,
on the basis of the available data it is tempting to
speculate that PG's have spatial mechanisms of
action similar to those of ADH but that PG's inhibit
influx of sodium across the collecting duct luminal
membrane. Perhaps the recently described peritu-
bular collecting duct channels that carry fluid from
Lumen Cell Blood
PGE2 Recovery
Fig. 5. Hypothetical model for the effect of PGE2 on collecting
duct epithelium.
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the medulla towards the cortex [27] have a role in
supplying an adequate concentration of PG from the
medulla to the peritubular surface of the cortical
collecting duct. These speculative suggestions,
however, await confirmation by direct studies.
Summary. Clearance studies in nonwater-diuretic
animals most consistently show that PG's are natri-
uretic. The in vivo micropuncture and in vitro
microperfusion studies suggest that this inhibition
of salt transport occurs across segments of the
distal tubule without significant effects on the proxi-
mal tubule.
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